Mannans are hemicellulosic polysaccharides commonly found in the primary and secondary cell walls of land plants, and their mannosyl residues are often acetylated at O-2 and O-3. Currently, little is known about the genes responsible for the acetylation of mannans. In this report, we investigated the roles of a subgroup of DUF231 proteins including 11 from Arabidopsis thaliana and one from Amorphophallus konjac in mannan acetylation. Acetyltransferase activity assays of their recombinant proteins revealed that four Arabidopsis DUF231 proteins possessed an enzymatic activity capable of transferring acetyl groups from acetyl-CoA onto the mannohexaose acceptor, and thus were named mannan O-acetyltransferases (MOAT1, MOAT2, MOAT3 and MOAT4). Their close homolog from A. konjac (named AkMOAT1) also exhibited mannan O-acetyltransferase activity. Structural analysis of the MOAT-catalyzed reaction products demonstrated that these MOATs catalyzed 2-O-and 3-O-monoacetylation of mannosyl residues, an acetyl substitution pattern similar to that of Arabidopsis glucomannan. Site-directed mutagenesis showed that mutations of the conserved residues in the GDS and DXXH motifs of MOAT3 abolished its acetyltransferase activity, indicating the essential roles of these motifs in its activity. In addition, simultaneous RNA interference (RNAi) inhibition of the expression of the four Arabidopsis MOAT genes led to a drastic reduction in the degree of acetyl substitutions in glucomannan, further corroborating their role in glucomannan acetylation. Together, these results present the first lines of biochemical and genetic evidence demonstrating that these four Arabidopsis DUF231 members and their close A. konjac homolog are mannan O-acetyltransferases.
Introduction
Plant lignocellulosic biomass has been exploited as an abundant and renewable source for biofuel production (Carroll and Somerville 2009) . A major obstacle for efficient conversion of biomass into biofuels is biomass recalcitrance, i.e. resistance of cell walls to microbial and enzymatic degradation. To overcome biomass recalcitrance, it is critical to have a thorough understanding of how cell wall polymers are synthesized and assembled, which may provide a knowledge basis for rational design of biomass composition tailored for biofuel production. One of the factors contributing to biomass recalcitrance is the acetylation of cell wall polymers. It has been shown that the acetyl groups in cell wall polymers not only hinder the access and hydrolysis of cell walls by hydrolytic enzymes but also are released in the form of acetate during biomass pre-treatments, which is inhibitory to microorganisms used for fermenting sugars to ethanol (Helle et al. 2003 , Selig et al. 2009 ). Elucidating the genes responsible for the acetylation of cell wall polymers will therefore have important implications in overcoming biomass recalcitrance for biofuel production.
Among the cell wall polymers, hemicelluloses (xylans, mannans and xyloglucan), pectins (homogalacturonan and rhamnogalacturonan I and II) and lignin are often acetylated (Gille and Pauly 2012) . Xylans are acetylated at multiple positions of the backbone xylosyl (Xyl) residues, including 2-O-and 3-Omonoacetylation, 2,3-di-O-acetylation and 3-O-acetylation of 2-O-glucuronic acid-substituted Xyl residues. Recent genetic and biochemical studies have uncovered a group of domain of unknown function 231 (DUF231) proteins as xylan O-acetyltransferases (XOATs) catalyzing xylan acetylation. It has been shown that in Arabidopsis thaliana, ESK1 (eskimo1)/XOAT1 and its eight close homologs [TBL28 (trichome birefringencelike28)/XOAT2, TBL30/XOAT3, TBL3/XOAT4, TBL31/XOAT5, TBL32/XOAT6, TBL33/XOAT7, TBL34/XOAT8 and TBL35/ XOAT9] are responsible for xylan acetylation (Xiong et al. 2013 , Yuan et al. 2013 , Yuan et al. 2016a , Yuan et al. 2016b , Yuan et al. 2016c , Zhong et al. 2017a . The 2-O-and 3-O-monoacetylation and 2,3-di-O-acetylation of xylan are predominantly mediated by ESK1/XOAT1, and the 3-O-acetylation of 2-O-glucuronic acid-substituted Xyl residues is specifically catalyzed by TBL32/XOAT6 and TBL33/XOAT7. Simultaneous mutations of ESK1/XOAT1, TBL32/XOAT6 and TBL33/XOAT7 reduced the level of xylan acetylation down to 15% of that of the wild type and concomitantly caused a severely altered secondary wall structure, deformation of xylem vessels and stunted plant growth, indicating an essential role for xylan acetylation in secondary wall assembly and strength (Yuan et al. 2016a) . XOAT orthologs from Populus trichocarpa (PtrXOATs) and rice (OsXOATs) have also been shown to be O-acetyltransferases mediating xylan acetylation (Zhong et al. 2018a , Zhong et al. 2018b .
Genetic studies have demonstrated the involvement of three DUF231 proteins, AXY4 (altered xyloglucan4) and AXY4L from Arabidopsis, and BdXyBAT1 (xyloglucan backbone acetylation1) from Brachypodium distachyon in xyloglucan acetylation. Arabidopsis xyloglucan is the XXXG type in which three out of four backbone glucosyl (Glc) residues are branched with Xyl and the branched Xyl may be further decorated with galactosyl (Gal) residues that are often acetylated (Pauly and Keegstra 2016) . T-DNA insertion mutations of AXY4 and AXY4L have been shown to cause a loss of xyloglucan acetylation in vegetative tissues and seeds, respectively, indicating their essential roles in xyloglucan acetylation (Gille et al. 2011b ). Grass xyloglucan is the XXGG type in which two out of four or more backbone Glc residues are branched with Xyl and the acetylation occurs on the unbranched backbone Glc residues (Pauly and Keegstra 2016) . Mutation of the BdXyBAT1 gene in B. distachyon and its heterologous expression in Arabidopsis have demonstrated its involvement in the acetylation of the backbone Glc residues of the XXGG-type xyloglucan (Liu et al. 2016) . In contrast to the aforementioned studies on genes responsible for the acetylation of xylan and xyloglucan, genes involved in the acetylation of other wall polymers, including mannans, pectins and lignin, have not yet been elucidated.
Mannans, consisting of b-1,4-linked mannosyl residues, are present in both primary and secondary cell walls of land plants. Although they are a minor cell wall component in angiosperms (typically 1-5% of total cell walls), mannans are the major hemicellulose (12-18% of the cell walls) in the wood of gymnosperms, such as pines and spruce (Timell 1967 , Melton et al. 2009 ). They may also be deposited abundantly as storage polysaccharides in the endosperm cell walls of seeds in some species, such as guar, locust bean and coconut palm, and in the corms of voodoo lily (Amorphophallus konjac) (Melton et al. 2009 ). Mannans may vary in their backbone composition and substitutions depending on their sources, and are often classified into homomannan (a homopolymer of b-1,4-linked mannosyl residues), galactomannan (a homopolymer of b-1,4-linked mannosyl residues some of which are substituted at O-6 with a-Gal), glucomannan (a polymer of b-1,4-linked Glc and mannosyl residues) and galactoglucomannan (a polymer of glucomannan in which some mannosyl residues are substituted at O-6 with a-Gal). The synthesis of the mannan backbone is catalyzed by mannan synthases, members of the cellulose synthase-like A (CSLA) subgroup of glycosyltransferase (GT) family 2. CSLAs from diverse species, such as guar, Arabidopsis, rice, Populus, moss, pine and A. konjac, have been shown to exhibit mannan synthase activities capable of producing glucomannan polymers when supplied with GDP-mannose and GDP-Glc (Dhugga et al. 2004 , Liepman et al. 2005 , Suzuki et al. 2006 , Liepman et al. 2007 , Gille et al. 2011a ). Furthermore, simultaneous mutations of three CSLA genes, CSLA2, CSLA3 and CSLA9, caused a loss of glucomannan in Arabidopsis stems (Goubet et al. 2009 ). A galactosyltransferase from fenugreek (Trigonella foenum-graecum) seed endosperm in which the cell walls are abundant in galactomannan has been shown to catalyze the addition of a-1,6-linked Gal side chains onto the backbone of mannans (Edwards et al. 1999) .
Mannans from diverse species, including aspen, birch, spruce, Aloe barbadensis, Dendrobium officinale and A. konjac, were found to be acetylated predominantly at O-2 and O-3 of mannosyl residues, with the degree of acetyl substitutions ranging from 0.1 to 0.3 (Lundqvist et al. 2002 , Teleman et al. 2003 , Gille et al. 2011a , Campestrini et al. 2013 , Xing et al. 2015 . A low level of acetyl substitutions at O-6, and at both O-2 and O-3, both O-2 and O-6, and both O-3 and O-6 of the same mannosyl residue were also identified in glucomannan from D. officinale (Xing et al. 2015) . So far, genes encoding O-acetyltransferases catalyzing mannan acetylation have not been identified. Here, we demonstrate that four DUF231 proteins from Arabidopsis and their close homolog from A. konjac are O-acetyltransferases specifically catalyzing the acetylation of mannan.
Results
Four Arabidopsis DUF231 proteins and their close homolog from A. konjac exhibit mannan O-acetyltransferase activities Among the 46 members in the Arabidopsis DUF231 family, ESK1/XOAT1 and its close homologs (XOAT2-XOAT9) have been demonstrated to be xylan O-acetyltransferases (Zhong et al. 2017a) , and two other members, AXY4 and AXY4L, are genetically proven to be involved in xyloglucan acetylation (Gille et al. 2011b) . In this study, we aimed to investigate the biochemical functions of a subgroup of 11 closely related DUF231 proteins, TBL17, TBL18, TBL19, TBL20, TBL21, AXY4/ TBL22, TBL23, TBL24, TBL25, TBL26 and AXY4L/TBL27 (Fig.  1A) . All of these proteins were predicted to be type II membrane proteins with a very short N-terminal cytoplasmic tail, a transmembrane helix and a large non-cytoplasmic domain, which is presumably the putative catalytic domain ( Supplementary Fig. S1 ). The putative catalytic domains of these DUF231 proteins were expressed as His-tagged recombinant proteins in the secreted form in human embryonic kidney (HEK) 293 cells and purified by nickel affinity chromatography (Fig. 1B) . The purified recombinant proteins were examined for acetyltransferase activities by incubating them with [
14 C]acetylCoA and various oligosaccharide acceptors, including mannohexaose, xyloglucan oligomers and xylohexaose. Four of these proteins, TBL23, TBL24, TBL25 and TBL26, were found to be capable of transferring acetyl groups onto the mannohexaose acceptor and thus were named MOAT1 (mannan O-acetyltransferase1), MOAT2, MOAT3 and MOAT4, respectively (Fig. 1C) . AXY4 and AXY4L exhibited O-acetyltransferase activities toward xyloglucan oligomers (Fig. 1C) , which is congruent with the genetic study showing that the axy4 and axy4l mutants had a loss of xyloglucan acetylation (Gille et al. 2011b ). None of these 11 DUF231 proteins was able to transfer acetyl groups onto the xylohexaose acceptor. These results demonstrate that MOAT1/TBL23, MOAT2/TBL24, MOAT3/TBL25 and MOAT4/TBL26 are mannan O-acetyltransferases. The recombinant protein of a close A. konjac MOAT homolog (AkMOAT1), which was previously shown to be highly expressed in glucomannan-rich corms (Gille et al. 2011a) , was also able to transfer acetyl groups onto mannohexaose (Fig. 1B, C) , indicating that it is also a mannan O-acetyltransferase.
Having established these DUF231 proteins as mannan O-acetyltransferases, we next examined their catalytic properties toward the mannohexaose acceptor. Recombinant MOATs were incubated with [
14 C]acetyl-CoA and various concentrations of mannohexaose, and their O-acetyltransferase activities were calculated for K m and V max values using the LineweaverBurk plot. It was found that MOAT1, MOAT2 and MOAT3 showed similar K m values (0.35-0.53 mM), whereas MOAT4 and AkMOAT1 had 3-9 times higher K m values (Fig. 2) , indicating that MOAT1, MOAT2 and MOAT3 have a higher affinity toward mannohexaose than MOAT4 and AkMOAT1. The V max values of MOAT3, MOAT4 and AkMOAT1 were 10-80 times higher than those of MOAT1 and MOAT2 ( Fig. 2) , which is consistent with the activity assay showing that MOAT3, MOAT4 and AkMOAT1 have a much higher rate of O-acetyltransferase activity than MOAT1 and MOAT2 (Fig. 1C) .
To substantiate further the finding that these DUF231 proteins are O-acetyltransferases catalyzing the transfer of acetyl groups onto mannohexaose, we analyzed their reaction products using matrix-assisted laser desorption ionization-time-offlight mass spectrometry (MALDI-TOF MS). While the control reaction had an ion species at m/z 1,013 corresponding to the mannohexaose (Man 6 ) acceptor, the MOAT-catalyzed reaction products displayed up to three additional ion species at m/z 1,055, 1,097 and 1,139, with a successive mass increment of 42 Da over the mass of the Man 6 acceptor (m/z 1,013) (Fig. 3) . Since the mass of one acetyl group (after the loss of water) is 42 Da, these three new ion species at m/z 1,055, 1,097 and 1,139 correspond to mono-, di-and tri-acetylated Man 6 , respectively. These MALDI-TOF MS data confirmed that all four Arabidopsis MOATs and their close A. konjac homolog AkMOAT1 are mannan O-acetyltransferases.
Arabidopsis glucomannan is predominantly acetylated at O-2 and O-3, and MOATs catalyze 2-O-and 3-O-acetylation of mannosyl residues in mannohexaose
Since the acetylation pattern of Arabidopsis glucomannan has not been previously reported, we next employed 1 H nuclear magnetic resonance (NMR) spectroscopy to determine the acetylation pattern of Arabidopsis glucomannan. Examination of the 1 H NMR spectra of glucomannan oligomers released by endo-b-1,4-mannanase digestion of Arabidopsis acetyl glucomannan revealed resonances at 3.0-5.6 p.p.m. that correspond to carbohydrate and resonances at 2.0-2.25 p.p.m. that are characteristic of acetyl groups (Fig. 4A, B ). Integration analysis of the resonance signals for carbohydrate and acetyl groups demonstrated that the degree of substitutions by acetyl groups (DS AC ) in Arabidopsis glucomannan is 0.25, which is similar to what was reported for glucomannans from aspen Note that MOAT1, MOAT2, MOAT3, MOAT4 and AkMOAT1 were able to transfer radiolabeled acetyl groups onto mannohexaose. Error bars denote the SD of three biological replicates. and birch (DS AC = 0.3) (Teleman et al. 2003) but much higher than that of glucomannan from A. konjac (DS AC = 0.11) (Gille et al. 2011a) . A detailed inspection of the fingerprint region of the 1 H NMR spectrum showed the existence of resonance signals that share the same chemical shifts with those previously assigned to 2-O-and 3-O-acetylated mannosyl residues in glucomannans from aspen and birch (Fig. 4C) (Teleman et al. 2003) . The resonance signals corresponding to the 2-O-acetylated mannosyl residue in two consecutive, acetylated mannosyl residues were also evident (Fig. 4C) . Furthermore, the resonance signals characteristic of H1 of Glc residues were also prominent (Fig. 4C) . Integration analysis of the anomeric signals for mannosyl and Glc residues gave a ratio of mannose to Glc of 2.2:1, which is similar to what was observed for glucomannans from aspen (1.8-2:1), birch (2.1-2.4:1) (Teleman et al. 2003) and A. konjac (1.4-1.8:1) (Gille et al. 2011a) . The 1 H NMR spectroscopic analysis indicates that Arabidopsis glucomannan is predominantly acetylated at O-2 and O-3 with a degree of acetyl substitutions of 0.25.
To investigate to which positions of mannosyl residues the acetyl groups were added by MOATs, the MOAT-catalyzed reaction products were subjected to 1 H NMR spectroscopy. The reaction products of all MOATs exhibited prominent resonance signals at 2.10-2.22 p.p.m. that are characteristic of acetyl groups, whereas such resonance signals were absent in the control reaction (Fig. 4D) , which further verifies that MOATs catalyze the acetylation of mannohexaose. The resonance signals corresponding to 2-O-and 3-O-acetylated mannosyl residues were apparent in the fingerprint regions of the 1 H NMR spectra of all MOAT-catalyzed reaction products (Fig. 4D) . Low resonance signals attributed to the 2-O-acetylated mannosyl residue in two consecutive, acetylated mannosyl residues were also observed in the MOAT-catalyzed reaction products. These results indicate that MOATs from both Arabidopsis and A. konjac add acetyl groups at O-2 and O-3 of mannosyl residues, which is congruent with the acetyl substitution patterns observed in glucomannans from Arabidopsis ( Fig. 4C) and A. konjac (Gille et al. 2011a ).
MOAT activities require the conserved GDS and DXXH motifs
MOATs from both Arabidopsis and A. konjac harbor the GDS (Gly-Asp-Ser) and DXXH (Asp-X-X-His) motifs ( Supplementary Fig. S2 ) that are conserved in glycan O-acetyltransferases from bacteria and plants (Riley et al. 2013 , Zhong et al. 2017a . To determine whether these motifs are required for MOAT activities, we chose MOAT3 as a representative for site-directed mutagenesis. Each of the conserved amino acid residues in the GDS and DXXH motifs of MOAT3 was substituted with an alanine (A), resulting in five mutant proteins, i.e. M1 (G172A), M2 (D173A), M3 (S174A), M4 (D426A) and M5 (H429A) (Fig. 5A) . The mutant proteins were expressed and purified (Fig. 5B) in the same way as the wild-type MOAT3 as described above. Incubation of these mutant proteins with [ 14 C]acetyl-CoA and mannohexaose revealed that these mutations abolished the O-acetyltransferase activity of MOAT3 (Fig. 5C) , indicating that the conserved GDS and DXXH motifs are critical for its activity.
Simultaneous RNAi inhibition of the expression of MOAT1, MOAT2, MOAT3 and MOAT4 leads to a drastic reduction in glucomannan acetylation in Arabidopsis
To corroborate further the finding of MOATs being mannan Oacetyltransferases, we investigated the effects of mutations/ down-regulation of MOAT genes on glucomannan acetylation in Arabidopsis. The MOAT1, MOAT2, MOAT3 and MOAT4 genes were shown to be expressed ubiquitously in different organs, albeit at different levels ( Supplementary Fig. S3A ). They appeared to be expressed in all cell types in the stems except for MOAT4 whose expression was not detected in pith cells ( Supplementary Fig. S3B-E) . To determine the roles of MOATs in glucomannan acetylation in planta, we obtained T-DNA insertion mutants of the MOAT genes ( Supplementary Fig. S4A, B) and examined the glucomannan acetylation patterns in these mutants (Supplementary Fig. S5 ). Dimethylsulfoxide (DMSO)-extracted glucomannans from the stems of the mutants and wild-type Arabidopsis were digested with endo-b-1,4-mannanase to release glucomannan oligomers for MALDI-TOF MS. Examination of the MALDI-TOF mass spectra showed that the predominant ion species in the wildtype glucomannan were at m/z 569, 731, 773 and 935 that correspond to monoacetylated trimer [M/G 3 (Ac)], monoacetylated tetramer [M/G 4 (Ac)], diacetylated tetramer [M/ G 4 (Ac) 2 ] and diacetylated pentamer [M/G 5 (Ac) 2 ], respectively ( Supplementary Fig. S5 ). The relative abundance of ion species for non-acetylated oligomers was much lower than that of their corresponding acetylated oligomers. The pattern of ion species for glucomannan oligomers in the moat1, moat2, moat3 and moat4 T-DNA insertion mutants was similar to that of the wild type ( Supplementary Fig. S5 ), indicating that mutation of a single MOAT gene did not result in apparent alterations in glucomannan acetylation probably due to gene redundancy.
We next generated RNA interference (RNAi) lines to downregulate simultaneously the expression of both MOAT1 and MOAT2 (MOAT1/2-RNAi), both MOAT3 and MOAT4 (MOAT3/4-RNAi), or all four MOAT genes (MOAT1/2/3/4-RNAi) (Supplementary Fig. S4C ). No apparent alterations in plant growth, stem vascular bundle morphology and stem mechanical strength were observed in these MOAT-RNAi lines (Supplementary Fig. S6 ). MALDI-TOF MS of glucomannan oligomers isolated from the MOAT1/2-RNAi and MOAT3/4-RNAi lines did not reveal major alterations in the pattern of ion species for acetylated and non-acetylated glucomannan oligomers compared with the wild type, except for a noticeable increase in the relative abundance of the ion species at m/z 527 corresponding to non-acetylated glucomannan trimer [M/ G 3 ] (Fig. 6 ). This increase was probably due to a slight reduction in the degree of glucomannan acetylation, resulting in more non-acetylated mannose residues exposed to mannanase hydrolysis. A drastic alteration in the pattern of ion species for acetylated and non-acetylated glucomannan oligomers was observed in the MOAT1/2/3/4-RNAi lines compared with the wild type. In the MOAT1/2/3/4-RNAi lines, the relative abundance of the ion species for acetylated oligomers, including M/ G 3 (Ac) at m/z 569, M/G 4 (Ac) at m/z 731, M/G 4 (Ac) 2 at m/z 773 and M/G 5 (Ac) 2 at m/z 935, was drastically reduced and, correspondingly, that for non-acetylated oligomers, including M/G 3 , M/G 4 , M/G 5 and M/G 6 , was significantly elevated (Fig. 6) . In particular, the most abundant ion species in the glucomannan oligomers from the MOAT1/2/3/4-RNAi lines was non-acetylated trimer M/G 3 (Fig. 6) . These findings indicate that simultaneous RNAi inhibition of the expression of all four MOAT genes results in a drastic reduction in glucomannan acetylation.
The glucomannan oligomers from the MOAT-RNAi lines were further examined for the degree of acetyl substitutions using 1 H NMR spectroscopy. It was apparent that the resonance signals for acetyl groups were significantly decreased in the MOAT1/2/3/4-RNAi lines compared with the wild type (Fig. 7) . Integration analysis of the resonance signals for carbohydrate and acetyl groups showed that the degree of acetyl substitutions in the glucomannans from the MOAT1/2-RNAi, MOAT3/4-RNAi and MOAT1/2/3/4-RNAi lines was lowered to 81, 62 and 16% of that of the wild type, respectively (Fig. 7) . Together, these data demonstrate that the MOAT1, MOAT2, MOAT3 and MOAT4 genes are required for glucomannan acetylation in Arabidopsis.
Discussion
Mannans are ubiquitous polysaccharides present in the cell walls of land plants and they are often acetylated (Melton et al. 2009 ). Although b-mannan synthase genes responsible for mannan/glucomannan backbone synthesis and an a-1,6-galactosyltransferase catalyzing Gal substitutions of mannans have previously been discovered (Dhugga et al. 2004 , Liepman et al. 2005 , Suzuki et al. 2006 , Liepman et al. 2007 , Edwards et al. 1999 , Gille et al. 2011a , O-acetyltransferases responsible for mannan acetylation remain elusive. In this report, our biochemical and genetic analyses provide unequivocal evidence demonstrating that four Arabidopsis DUF231 proteins, MOAT1-MOAT4, and their close A. konjac homolog AkMOAT1 are mannan O-acetyltransferases, which fills a gap in our understanding of mannan biosynthesis. To our knowledge, this is the first report on the identification and biochemical characterization of mannan O-acetyltransferases in plants. Our findings further advance our understanding of the biochemical mechanisms controlling the acetylation of plant cell wall polymers.
All 46 members of the Arabidopsis DUF231 family contain the conserved GDS and DXXH motifs. These motifs have previously been demonstrated to be important for the activities of several glycan O-acetyltransferases from bacteria and plants. Structural analysis of bacterial alginate O-acetyltransferases, AlgX from Pseudomonas aeruginosa (Riley et al. 2013 ) and PatB1 from Bacillus cereus (Sychantha et al. 2018) , revealed the formation of a Ser-His-Asp catalytic triad by serine in the GDS motif and histidine and aspartate in the DXXH motif, and mutations of the conserved residues in these motifs abolished their O-acetyltransferase activities (Riley et al. 2013 , Sychantha et al. 2018 . The findings that mutations of the conserved residues in these motifs in the Arabidopsis MOAT3 (Fig. 5) and ESK1/XOAT1 (Zhong et al. 2017a ) also impaired their O-acetyltransferase activities suggest that the GDS and DXXH motifs are essential for plant glycan O-acetyltransferases and, like the bacterial enzymes, plant glycan O-acetyltransferases may have also evolved to have a similar Ser-His-Asp catalytic triad for their mechanism of action.
It is interesting to note that although the 11 Arabidopsis DUF231 proteins studied in this report belong to the same subgroup of the DUF231 family, they apparently evolved to act on different acceptors, i.e. four of them (MOATs) being mannan O-acetyltransferases, two (AXY4 and AXY4L) being xyloglucan O-acetyltransferases and the rest with unknown functions. This scenario is in sharp contrast to the XOAT subgroup of the Arabidopsis DUF231 family in which all nine members are xylan O-acetyltransferases ( Supplementary Fig. S7 ) (Zhong et al. 2017a) . So far, 15 of the 46 members in the Arabidopsis DUF231 family have been biochemically proven to be O-acetyltransferases, including nine for xylan acetylation, four for mannan acetylation and two for xyloglucan acetylation. Further elucidation of the biochemical functions of the remaining members in the Arabidopsis DUF231 family will expand our knowledge of the biochemical mechanisms controlling the acetylation of plant cell wall polysaccharides.
Mannans have been demonstrated to have a strong affinity for cellulose (Iwata et al. 1998) , and mannan polymers can be modified by mannan endotransglycosylase/hydrolases ), which led to the hypothesis that like other hemicelluloses (xylan and xyloglucan), mannans are important structural wall polymers acting as cross-linking tethers between cellulose microfibrils (Melton et al. 2009 ). However, loss of glucomannan in the stems of the Arabidopsis mannan synthase mutants did not result in any alterations in stem development and strength (Goubet et al. 2009 ). Likewise, no apparent changes in plant growth and development were observed in the MOAT1/2/3/4-RNAi lines with a reduction in glucomannan acetylation. This scenario is similar to what was observed for another hemicellulosic polysaccharide, xyloglucan, i.e. loss of xyloglucan caused by mutations of two xyloglucan a-1,6-xylosyltransferase genes had no apparent effects on plant growth (Cavalier et al. 2008) , nor did a loss of acetylation of xyloglucan caused by the AXY4 mutation (Gille et al. 2011b) . This is in sharp contrast to what was observed for xylan; both xylan backbone synthesis defects caused by mutations of the GT43 genes (Lee et al. 2010 ) and xylan acetylation defects caused by mutations of the XOAT genes (Yuan et al. 2016a) led to severe defects in secondary cell wall assembly and plant growth. Although the exact roles of acetyl mannans in cell wall structure remain to be investigated, our identification of mannan O-acetyltransferases provides additional molecular tools for this endeavor. Furthermore, MOAT close homologs are found in diverse taxa, ranging from bryophytes, seedless vascular plants, gymnosperms to angiosperms (Supplementary Fig.  S7 ). Since mannans have been shown to be present in the cell walls in these taxa (Lundqvist et al. 2002 , Popper and Fry 2003 , Teleman et al. 2003 , Silva et al. 2011 , it is likely that these MOAT close homologs are also O-acetyltransferases involved in acetylating mannans, and further characterization of their biochemical functions will provide insights into the evolutionary conservation of the functions of mannan O-acetyltransferases in plants.
Materials and Methods

Production of recombinant proteins in HEK293 cells
The cDNA sequences of the DUF231 genes with deletion of the N-terminal transmembrane domain were cloned into the pSecTag2 mammalian expression vector (Invitrogen) harboring the murine Igk chain leader sequence (for protein 
Assay of acetyltransferase activities
Assay of acetyltransferase activities was carried out by incubating the purified recombinant proteins with 14 C-labeled acetyl-CoA as an acetyl donor and three different oligosaccharides (mannohexaose, xyloglucan oligomers and xylohexaose) as acceptors. The recombinant proteins (10 mg for radiodetection and 100 mg for NMR analysis) were incubated in a reaction mixture containing 50 mM HEPES buffer (pH 7.0), acetyl-1-[ 14 C]CoA (0.1 mCi; American Radiolabeled Chemicals) or non-radiolabeled acetyl CoA (1 mM) and oligosaccharides (30 mg for radiodetection and 200 mg for NMR analysis) for 4 h at 37 C. After incubation, the reaction mixture was passed through Dowex 1X4 anion exchange resin to remove acetyl-1-[ 14 C]CoA and then counted for the amount of radioactivity that was incorporated onto the oligosaccharide acceptors with a Perkin Elmer scintillation counter. For MALDI-TOF MS and NMR analyses, the reaction products were also passed through Dowex 1X4 resin to remove acetyl-CoA before analysis. For each recombinant protein, the reaction products from three biological replicates were used for analyses. Mannohexaose and xylohexaose were purchased from Megazyme, and xyloglucan oligomers were generated by endo-1,4-b-glucanase digestion of Arabidopsis xyloglucan (Zhong et al. 2017b ).
Mass spectrometry
The MOAT-catalyzed reaction products and the mannosyl oligomers generated by mannanase digestion of glucomannans were analyzed by MALDI-TOF MS using a Burker Autoflex TOF mass spectrometer in reflection mode (Zhong et al. 2005) . The spectra were the averages of 250 laser shots. Three biological replicates for each sample were analyzed, and representative spectra were shown.
H NMR spectroscopy
The MOAT-catalyzed reaction products and the mannosyl oligomers generated by mannanase digestion of glucomannans were analyzed with a Varian Inova 500 MHz spectrometer. The NMR spectra were recorded with 512 transients. The proton positions and residue identities in the NMR spectra were assigned based on the NMR spectra data for glucomannans from aspen and birch (Teleman et al. 2003) . Three biological replicates for each sample were analyzed, and representative NMR spectra were shown.
Gene expression analysis
Total RNA was isolated from A. thaliana leaves, flowers, stems and roots of 6-week-old plants using the Qiagen RNA isolation kit. The stems were separated into top (rapidly elongating internodes), middle (internodes near cessation of elongation) and bottom (non-elongating internodes) parts. The RNA was treated with DNase and converted into first-strand cDNA before used for reverse transcription-real-time quantitative PCR analysis. The primers used for PCR analysis were 5'-agagtggttacggagatgggtcag-3' and 5'-ttatttaccggttcgaccattcac-3' for MOAT1, 5'-gagagaagactaaccaggacggtg-3' and 5'-tcagccatttactatagtctccaa-3' for MOAT2, 5'-tctataagactactactacacaac-3' and 5'-ctattctcgtctttgccgttcccg-3' for MOAT3, and 5'-catcaggctattagacacgactgg-3' and 5'-ttaaccggttaaatcgtatagttc-3' for MOAT4. The copy number of transcripts for each gene was calculated based on the PCR threshold cycle numbers of the sample and the standard curve of the plasmid control. Three separate pools of samples for each tissue were used for RNA isolation and subsequent real-time quantitative PCR analysis.
For b-glucuronidase (GUS) reporter gene expression analysis, the GUS reporter gene was inserted in-frame before the stop codon of each MOAT gene that included 2 kb of 5' upstream sequence, the entire coding region and 1.5 kb of 3' downstream sequence in a modified binary vector pBI101 (Clontech). The GUS reporter constructs were transformed into Agrobacterium tumefaciens GV3101, which were then introduced into wildtype Arabidopsis plants. The transgenic plants were selected and examined for GUS gene expression as described previously (Zhong et al. 2005) . At least 20 independent transgenic plants were analyzed for GUS staining, and representative data are shown.
Generation of MOAT-RNAi lines
The T-DNA insertion mutants for the MOAT genes ( Supplementary Fig. S4 ) were obtained from the Arabidopsis Biological Resource Center. Because three MOAT genes are located on the same chromosome, thus making it difficult to generate quadruple T-DNA insertion mutants, we resorted to the RNAi approach to down-regulate the expression of all four MOAT genes simultaneously. For generation of the MOAT-RNAi constructs, the first 500 bp sequence starting from the start codon of each MOAT cDNA was utilized. Since MOAT1 and MOAT2 are paralogs and so are MOAT3 and MOAT4 (Fig. 1) , we generated RNAi constructs to inhibit simultaneously the expression of both MOAT1 and MOAT2 (MOAT1/2-RNAi), both MOAT3 and MOAT4 (MOAT3/4-RNAi) or all four MOAT genes (MOAT1/2/3/4-RNAi). The longest stretch of identical nucleotides between MOAT1/2 and MOAT3/4 sequences used for RNAi constructs is 15 bp and thus the MOAT1/2-RNAi construct should not inhibit the expression of MOAT3/4, and vice versa. The corresponding cDNA fragments containing two or four MOAT sequences in tandem were ligated in opposite orientations on each side of the GUS gene in the binary vector pBI121 (Clontech). The inverted repeat expression cassette thus created had the GUS sequence as a spacer and was driven by the Cauliflower mosaic virus 35S promoter. The MOAT-RNAi constructs were introduced into wildtype Arabidopsis by Agrobacterium-mediated transformation, and the first generation of transgenic plants were analyzed. More than 120 transgenic plants were generated for each construct. For cell wall analysis, stems from a pool of 30 independent transgenic plants were used as a biological replicate and three biological replicates were analyzed for each construct.
Histology
The bottom part of inflorescence stems of 7-week-old plants was fixed and embedded in LR White resin as previously described (Burk et al. 2006) . Sections of 1 mm thick were cut from the embedded stems and stained with toluidine blue for anatomy. The bottom part of inflorescence stems of 7-week-old plants was measured for breaking force with a digital force tester (Larson System) (Zhong et al. 1997 ) and the stems from at least eight independent transgenic plants were examined. The breaking force was the force used to break a stem segment apart.
Cell wall isolation
Stems were ground into powder in liquid N 2 and then extracted for alcoholinsoluble cell walls by homogenizing sequentially with 70% ethanol, 100% ethanol and 100% acetone (Zhong et al. 2005) . The alcohol-insoluble cell walls were extracted with DMSO (Teleman et al. 2003) and the extracts were further digested with recombinant endo-1,4-b-mannanase (Bacillus circulans; Megazyme) to generate mannosyl oligomers for structural analysis. For each sample, cell walls isolated from three separate pools of stems were used. 
